INTRODUCTION
A major component of cardiac ischaemic injury is net heart muscle ATP catabolism to nucleosides, which themselves may be degraded to purines [1] . AMP is a key catabolite as substrate of both 5'-nucleotidase (EC 3.1.3.5) and adenylate deaminase (AMPD) (EC 3.5.4.6). The nucleotidase generates adenosine, a cardioprotectant and precursor for 'salvage' adenylate biosynthesis, whereas AMPD irreversibly converts AMP into IMP [2] . Thus AMPD may influence myocardial adenine nucleotide metabolism during ischaemia through both substrate availability to 5'-nucleotidase and net utilization of tissue adenine nucleotides [3] .
Although timely restoration of nutritive blood flow is essential for the salvage of ischaemic myocardium, reperfusion-induced oxidative stress may further damage the already jeopardized heart muscle [4] . Recent studies from this laboratory demonstrate that oxidative stress adversely affects cardiac glycolysis, mitochondrial function and nucleotide levels [5] [6] [7] . As metabolic competency and energy balance are prime determinants ofcardiac functional recovery in the post-ischaemic period [1, 8] , identification of oxidant-sensitive molecular targets in myocardial metabolism may have significant mechanistic and therapeutic implications [9] .
In this regard, we [6, 7, 9] and others [10] have begun to identify specific myocardial proteins affected by oxidative stress. For some enzymes, the oxidant sensitivity reflects redox changes in critical thiol moieties [7, 10] . Oxidation reactions involving a transition metal (usually iron in biological systems), an oxidant mass, tetrameric nature, Ki,m immunoreactivity or trypsinolytic pattern of the enzyme; nor did it induce carbonyl formation, Zn2+ release from the holoenzyme or net AMPD S-thiolation. This injury pattern is inconsistent with a radical-fragmentation mechanism as the basis for the oxidative AMPD inactivation observed. Rather, the sensitivity of the enzyme to both Sthiolation and thiol alkylation and the significant (3 of 9/mol of denatured enzyme) net loss of DTNB-reactive thiols on exposure to oxidant strongly implicate the conversion of essential thiol moieties into stable higher-oxidation states in the oxidative inactivation of cardiac AMPD. The altered thiol status of the enzyme on oxidative insult may prohibit a catalytically permissible conformation and, in so doing, increase AMP availability to 5'-nucleotidase in vivo.
(e.g. H202) and a reductant cause oxidative enzyme damage in vivo [11] . The inhibition of at least some non-cardiac AMPD isoforms by thiol-blocking reagents [12, 13] and the potential importance of the cardiac AMPD isoform to heart muscle nucleotide catabolism in disease states with an increasingly recognized oxidative-injury component [1, 3] [16] . Samples from the trypsinolysis reaction were then subjected to SDS/PAGE under reducing conditions [2] . The gels were either stained with Coomassie Blue for peptide visualization or processed for immunoblot analysis.
Protein carbonyl assay
The carbonyl content of AMPD was quantified radiometrically by enzyme reduction with NaB3H4 [17] . Final AMPD concentration in the reaction was 150 ,ug/ml. The net difference in borohydride reactivity between identical amounts of non-injured and oxidatively stressed AMPD was taken as the extent of protein oxidation to form carbonyl moieties.
Assay of Zn2+ mobilization
The potential for oxidative stress to release active-site Zn2+ from cardiac AMPD was assessed chemically with the metallochromic indicator PAR [18] . Parallel AMPD samples (1 mg/ml, final concn.) were assayed, one non-injured, the other oxidatively stressed by incubation for up to 60 min at 37°C with 1 mM H202 +1 mM ascorbate + 20 ,sM FeCl2. The extent of oxidantinduced Zn2+ mobilization was taken as the TPEN-inhibitable absorbance increase at 500 nm displayed by oxidatively stressed AMPD relative to the non-stressed enzyme [18] .
Thiol-modification studies AMPD used in the studies with thiol-modifying reagents was dialysed for 16 h at 4°C against 54 mM KH2PO4/35 mM K2HPO4 (pH 6.5) containing 0.1 M KCI to ensure elimination of any residual 2-mercaptoethanol from the enzyme-isolation buffers [2] . The reaction mixture for DTNB modification was derived from Raggi et al. [12] and consisted of rabbit heart AMPD (750 /ug/ml), 0.5 mM DTNB, 0.45 M KCI, and, where indicated, 3 M urea in 0.1 M potassium phosphate buffer (pH 7.8). The thiol-group titration was conducted at 37°C and was initiated on addition of DTNB. Formation of the thionitrobenzoate ion was monitored at 412 nm [19] . Corresponding reaction mixtures not containing enzyme were run in parallel as blanks for background absorbance correction. The mol-equiv. of DTNB-reactive thiol groups per mol of enzyme were calculated using the absorption coefficient 13.3 x 103 M-l cm-' 1 9] and the apparent holoenzyme molecular mass of 320 kDa [14] . In some cases during the course of the reaction, samples were withdrawn and assayed for AMPD activity. PAO (0.5 mM) and GSSG (up AMPD were mixed with the enzyme (25 ,ug/ml) in 50 mM to 10 mM at various GSH/GSSG ratios) were allowed to react with the dialysed enzyme (125 ,tg/ml) at 37°C in the same buffer as used for the DTNB titration.
Re-activation of aged, oxidatively injured or chemically modified enzyme Cardiac AMPD which had been aged, oxidatively stressed for up to 60 min with 1 mM H202 +1 mM ascorbate + 20 1tM FeC12, or allowed to react with 0.5 mM DTNB for up to 30 min (above) was dialysed for 24 h at 4°C against several changes of 54 mM KH2PO4/35 mM K2HPO4 (pH 6.5) containing 0.1 M KCl and either 15 mM 2-mercaptoethanol or 15 mM 2,3-dimercaptopropanol. Parallel enzyme samples treated identically but dialysed against the same buffer without reducing agent were the controls. In each case, AMPD before and after dialysis was assayed for activity.
Assay of S-thiolation
Parallel AMPD samples (200 jug/ml) were incubated at 37°C with 1 mM [35S]cystine in 50 mM imidazole/HCl buffer containing 0.1 M KCl, one of which also contained 1 mM H202 +1 mM ascorbate + 20 ,sM FeCl2 to establish oxidative stress. After 60 min, the enzyme was precipitated by adding icecold trichloroacetic acid (9 % v/v, final concn.) followed by centrifugation in a Microfuge. The enzyme pellet was washed three times with ice-cold 9 % trichloroacetic acid, solubilized in 5 M NaOH, and analysed by liquid-scintillation spectrometry for incorporation of 35S label as the index of mixed-disulphide formation [20] .
Protein determination
Protein was quantified colorimetrically with IgG standard [2] .
RESULTS
Influence of oxidative-stress systems on cardiac AMPD activity Exposure of rabbit heart AMPD to an H202/ascorbate/iron (as either FeCl2 or FeCl3) oxidation system compromised catalytic activity ( Table 1 ). The complete oxidative-stress system elicited about 80 % deactivation of AMPD within 10 min. Incomplete oxidation systems or the individual reactants had comparatively little, if any, effect, ruling out non-specific effects of the system components used to establish oxidative stress. The adverse influence of the oxidation system on cardiac AMPD activity depended on the concentration of each reactant (Figure 1 ). For example, a 5 min oxidative-stress period with 1 mM H202 +1 mM ascorbate + 50 ,uM FeCl2 and 25#,g/ml AMPD elicited a virtually complete loss of enzyme activity, whereas the identical oxidation system with 2,M FeCl2 was a markedly less efficient injury stimulus. The data in Figure 1 led us to select as our standard oxidative-stress system 1 mM H202 +1 mM ascorbate + 20 4uM FeCl2.
AMPD deactivation kinetics could be well resolved. Virtually total loss of enzyme activity occurred within about 15 min, but only in the presence of the complete oxidation system (Figure 2 ). The activity loss was rapid (about 60 % within the initial 2 min of oxidative stress) and continued thereafter at a lower rate.
Substitution of GSH for ascorbate in the reaction elicited a more gradual deactivation. A fourfold increase in AMPD concentration likewise attenuated the rate and extent of oxidative AMPD injury. Table 1 Effect of oxidative-stress systems on cardiac AMPD activity Rabbit heart AMPD (25 ,ug/ml) was incubated at 37°C for 10 min in 50 mM imidazole/HCI buffer (pH 6.8) containing 0.1 M KCI and a specified addition, whereon either EDTA (250 uM) or, in the case of the H202-treated enzyme, catalase (50 units/ml) was added. AMP (5 mM) was next introduced, and the incubation was continued for an additional 5 min. AMPD activity was then assayed and expressed relative to that of a contemporaneous control enzyme reaction without addition. The final concentration of each addition was: H202, 1 mM; ascorbate, 1 mM; FeCI2 or FeCI3, 20 ,M. Data are means of at least three independent determinations; the range about each mean is < 10%. Kinetic and regulatory properties of oxidatively stressed cardiac AMPD Exposure of rabbit heart AMPD to oxidative stress profoundly altered the kinetic and allosteric properties of the enzyme. Relating catalytic activity to substrate (AMP) concentration by the Lineweaver-Burk method [15] yielded a linear doublereciprocal plot for both oxidatively stressed and non-injured rabbit heart AMPD ( Figure 3) . In both cases, the linearregression coefficient was > 0.98, and the apparent Km values did not differ (oxidatively stressed, 7.6 mM AMP; non-injured, 7.5 mM AMP). However, the apparent Vmax of oxidatively stressed cardiac AMPD (1.4 ,tmol/min per mg) was some 7-fold less than that (10.3 ,umol/min per mg) of the non-injured enzyme.
AMPD activity
During oxidative stress, cardiac AMPD lost its responsiveness to nucleotide effectors. For example, the injured enzyme was no longer allosterically activated by ATP and retained the initial relationship to increasing non-saturating substrate levels on a Michaelis plot as did non-stressed AMPD in the absence of ATP (Figure 3) . Similar results were obtained with ADP as allosteric activator of GTP as inhibitor [2] (results not shown). The presence of a nucleotide effector (ATP, ADP or GTP) at the start of the oxidative-stress period significantly attenuated oxidative AMPD deactivation (Table 2 ). However, this protection was unrelated to the effector property of the nucleotide. ATP and GTP afforded the same degree of protection against oxidative AMPD deactivation at a concentration at which the former is an allosteric activator of cardiac AMPD and the latter is an inhibitor [2, 14] . The non-specificity may also be appreciated from the protection exerted by uridine nucleotides, which do not modulate rabbit heart AMPD [2] (Table 2 ). It is likely that the apparent protection of AMPD by nucleotides reflects an antioxidant effect as a result of iron chelation from the mixed-function oxidation reaction [21] .
Inhibition of oxidative Injury to rabbit heart AMPD Several agents with antioxidant properties [5] [6] [7] 9] were tested for their ability to ameliorate the oxidative loss of cardiac AMPD activity ( Table 3 ). The metal chelators EDTA and desferrioxamine afforded complete protection against oxidative injury, whereas low-molecular-mass mercaptans (e.g. cysteine) Altered thiol status is responsible for the oxidative inactivation of selected enzymes [7, 22] , and the activity of some non-cardiac Figure 2 Kinetics of AMPD activity loss caused by oxidative stress forms of AMPD is sensitive to the thiol-modifying reagent Sample of rabbit heart AMPD were incubated at 37°C for up to 30 min in 50 mM DTNB [12, 13] . Consequently we studied whether exposure of imidazole/HCI buffer (pH 6.8) containing 0.1 M KCI and one of the following: f, 1 whereupon the oxidative-stress period was terminated by adding catalase (50 units/ml). Substrate (5 mM AMP) was next added, and the incubation was continued for 5 min. AMPD activity was then assessed and expressed as residual activity relative to the appropriate contemporaneous enzyme reaction containing nucleotide, but not oxidatively stressed. Data are means of three independent determinations; the range about each mean is < 10%. 30 min. However, the deactivation kinetics were distinct in each case ( Figure 5 ). After 10 min of oxidative stress, for example, the apparent AMPD activity was 1.1+0.1 umol/min per mg, whereas it was 2.5 + 0.2,umol/min per mg after a O min incubation with DTNB (means+ S.D.; n = 9). Higher concentrations of DTNB did not alter the deactivation profile in the latter case (results not shown). AMPD activity lost on either longterm storage of the enzyme in solution [2] or reaction with DTNB was fully recoverable on dialysis against 2-mercaptoethanol, which failed to re-activate the oxidatively injured enzyme (Table  4) . Again in contrast with oxidative AMPD deactivation, prolonged enzyme exposure to PAO, a reagent specific for vicinal dithiols [23] , only modestly (by 30 Table 3 InhibMon of oxidative injury to cardiac AMPD Rabbit heart AMPD (25 ,ug/ml) in 50 mM imidazole/HCI buffer (pH 6.8) containing 0.1 M KCI and one of the test agents indicated was oxidatively stressed by incubation with 1 mM H202+ 1 mM ascorbate+ 20,M FeCI2 for 5 min at 37 OC. The oxidative-stress period was terminated by adding catalase (50 units/ml), and the incubation was continued for 5 min in the presence of AMP (5 mM). AMPD activity was then assessed and expressed relative to the respective contemporaneous control enzyme reaction which had not been oxidatively stressed. Data are means of three independent determinations; the range about each mean is < 10%. AMPD, and the activity was fully restored by 2,3-dimercaptopropanol (Table 4) . Exposure of rabbit heart AMPD to GSSG at various GSH/ GSSG redox ratios reduced enzyme activity (Figure 6 ), and full activity was restored by 2,3-dimercaptopropanol ( Table 4 ), suggesting that the enzyme is S-thiolatable via thio-disulphide exchange [20] . Formation of protein thiyl radicals from single thiol groups in response to oxidative stress is a well-recognized mechanism promoting S-thiolation of at least some oxidantsensitive target proteins to generate mixed disulphides [20] . However, inactivation of rabbit heart AMPD by a metalcatalysed oxidation system was not accompanied by mixeddisulphide formation with [35S]cystine beyond a basal level of 0.4 nmol of protein-bound cystine per mol of holoenzyme.

DISCUSSION
Identification of tissue injury targets at molecular resolution is essential to understand the pathobiology of oxidative stress and design appropriate therapeutic modalities [24] . The present work constitutes the initial identification of AMPD, a soluble protein The precise chemistry underlying the effects of oxidative stress on any given protein is probably complex [11] . Nonetheless, the injury profile of a specific target enzyme can be used to gain mechanistic insight into the oxidative damage [26] . The lack of inhibition of oxidative AMPD inactivation by radical scavengers or chain-breaking antioxidants argues against a Fenton-type mechanism [27] with superoxide as intermediate to generate hydroxyl radicals which attack the enzyme, forming protein peroxyl radicals. Additional evidence against such a mechanism is the lack of AMPD fragmentation during oxidative stress, which would have occurred consequent on peroxyl radical decomposition [28] . A radical-based injury mechanism is also inconsistent with the finding that the mixed-function oxidation reaction did not potentiate AMPD S-thiolation, which would have occurred through protein thiyl radicals [20] .
Oxidative inactivation of rabbit heart AMPD did not alter the molecular mass, tetrameric nature, immunoreactivity or trypsinolytic pattern of the enzyme. Nor was the oxidative injury manifested as carbonyl formation or Zn2+ release. Such an injury profile implies that subtle changes in discrete amino acids/ functional moieties essential to catalytic and regulatory competency had occurred in response to oxidative stress. Cardiac AMPD sensitivity to S-thiolation and the monothiol-reactive reagent DTNB (Figure 5 ), the irreversible nature of the oxidative inactivation of the enzyme (Table 4) , and the net thiol-group loss on oxidative inactivation (Figure 4 ) strongly suggest that essential SH groups were converted into stable higher-oxidation states such as -S02H (sulphinic acid) or -S03H (sulphonic acid) on oxidant insult [29] . These data also offer compelling evidence that thiol status is a determinant of the catalytic competency of the cardiac AMPD isoform. A role has been proposed for AMPD thiol groups in maintenance of conformation for efficient catalysis [12, 13] . If a conformational change caused by altered thiol redox status were at the basis of the oxidative AMPD inactivation detailed here, it did not affect recognition of AMPD by either polyclonal antibodies or trypsin. Subtle redoxlinked conformational changes in certain proteins have been documented [30] .
Neither the thiol content of an enzyme nor its susceptibility to oxidation in vitro are absolute predictors of its in situ response to oxidative stress [7] . Oxidative protein injury is considered an important biologically relevant process [11, 29] which may contribute to disease states having an oxidative-stress component, such as myocardial ischaemia-reperfusion [4, 24] . Therefore our identification of rabbit heart AMPD as an oxidant-sensitive enzyme forms a biochemical basis for the study of the modulation of cardiac AMPD activity in vivo in response to oxidative stress/cardiac ischaemia. It remains to be determined whether other tissue changes consequent on myocardial ischaemiareperfusion (e.g. nucleotide catabolism [1] ) have the ability to modulate cardiac AMPD activity in situ. These possibilities have important implications because of both the number of disease states potentially involving oxidative stress to cardiac muscle [4, 24] and the critical role of myocardial adenylate charge and adenosine production from 5'-nucleotidase in the recovery of pump function after ischaemic injury [1, 7] .
